AUTHOR SUMMARY
The rodent malaria parasite (RMP) Plasmodium yoelii is an excellent model for studying malaria biology and pathogenesis that are often difficult to investigate using human parasites; however, genetic studies of the parasite have been hindered by lack of genome-wide resources, such as genetic maps or a completely assembled genome. Many P. yoelii strains and subspecies exhibiting a wide range of phenotypic variations are available for studying disease and/or growth phenotypes. It is important to note that there are three subspecies of P. yoelii (P. yoelii yoelii, P. yoelii nigeriensis, and P. yoelii killicki) and two subspecies of Plasmodium chabaudi (P. chabaudi chabaudi and P. chabaudi adami). Here, P. yoelii will be used to refer generally to P. yoelii lines and subspecies; subspecies and lines will be specified when necessary. Compared with Plasmodium falciparum and P. c. chabaudi, however, genetic studies in P. yoelii have been limited. Although P. y. yoelii was the first RMP to have its genome sequenced, knowledge of the genome remains fragmented because of low sequence coverage and lack of genetic maps to guide sequence assembly (1) . A genetic map would provide an important tool for studying such malaria disease phenotypes and is necessary for assigning all the contigs to chromosomal positions. Here, we report the construction of a high-resolution linkage map for this parasite and the identification of genetic loci and candidate genes linked to a growth-related virulent phenotype (GRVP) of the parasite.
To develop a genetic map for studying disease pathogenesis and drug resistance in rodent malaria, we performed 14 independent genetic crosses using six P. yoelii lines or subspecies (P. y. yoelii 17XNL × P. y. nigeriensis N67, P. y. yoelii BY265 × P. y. nigeriensis NSM, and P. y. yoelii YM × P. y. yoelii 33×). Mice were injected with infected red blood cells obtained from mice infected with sporozoites derived from mosquitoes fed on blood samples containing both parental parasites (2) . Of the 2,326 mice, 889 (38.6%) had parasites in their blood 7-9 d postinjection, including 75 (8.4%) infected with independent recombinant progeny. Among the 75 progeny, 32, 25, and 18 were from the BY265 × NSM, 17XNL × N67, and YM × 33x crosses, respectively. DNA samples from the 75 progeny plus an additional seven samples from a P. y. yoelii YM × P. y. yoelii A/C cross previously performed at the University of Edinburgh (82 total samples) were genotyped with hundreds of polymorphic microsatellites (MSs), generating 33,939 MS genotypes with a genotype-calling rate of ∼96.0%. More than 82% of the 591 MSs were polymorphic between the parental pairs of BY265 × NSM and Author contributions: X.-z.S. designed research; J.L., S.P., F.Z., Y.F., and L.K. performed research; S.L., L.H., W.X., W.P., and O.K. contributed new reagents/analytic tools; J.L., S.P., H.J., L.K., J.M.C., R.C., J.C.W., and X.-z.S. analyzed data; and J.L., S.P., J.M.C., O.K., R.C., J.C.W., and X.-z.S. wrote the paper.
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Cite this Author Summary as: PNAS 10.1073/pnas.1102261108. 17XNL × N67, indicating highly diverse genomes of the P. yoelii strains or subspecies from different geographic origins. In contrast, ∼70% and 43% of the MS markers were monomorphic between the parents of the YM × A/C and YM × 33x crosses, respectively, suggesting close relationships of the parental pairs.
Using the genotype data from the 82 progeny, we constructed a genetic linkage map from the MS genotypes and segregation patterns in the progeny of each individual cross using Mapmaker/Exp 3.0 (http://linkage.rockefeller.edu/soft/mapmaker/) to order the markers and to estimate genetic distances between them. A composite linkage map totaling 579.2 cM was constructed ( Fig. P1A) with an average genome-wide unit recombination rate of 39.7 kb/cM (25.2 cM/Mb) assuming an estimated genome size of 23 Mb. We also examined the possibility of segregation bias by plotting the ratios of parental genotypes along each of the 14 chromosomes; no statistically significant distortion from the expected 1:1 ratio was found, although some bias in regions of chromosomes 7 and 13 was observed. The linkage map was compared with a composite synteny chromosome map of three RMPs (3). Except for 4 contigs, the linkage map placed the contigs with MS markers in the same order as those in the synteny map. Our linkage maps also assigned 28 orphan contigs that were not assigned to the synteny map previously to 13 of the 14 linkage groups.
We next applied the linkage map to analyze GRVP in the 17XNL × N67 cross. Of the two parasites used as parents in the genetic crosses, N67 grows faster than 17XNL, showing a strong early burst of rapid growth associated with greater virulence. The difference in parasitemia between N67 and 17XNL was the largest at day 5 postinfection (Fig. P1B) . Quantitative trait loci linkage analysis was performed using day 5 parasitemia data from the 25 progeny of the 17XNL × N67 cross. We first used two distinct conservative statistical phenotype-genotype association strategies (nonparametric Wilcoxon rank statistics and mutual information) that make no assumptions about pedigree. The result identified a major peak on chromosome 13 (P < 1 × 10 −5 ) and a minor peak on chromosome 10 (P < 1 × 10
−2
). As a distinct phenotype, day 10 parasitemia was analyzed and found to be weakly associated with a locus on chromosome 7 (P = 0.05 after 1,000 permutations). We also used R/qtl to identify loci linked to the growth phenotype; again, the chromosome 13 and 10 loci were the two major peaks, with logarithm of odds scores of 3.4 and 3.2, respectively (Fig. P1C) . The chromosome 13 locus spans a DNA segment of ∼220 kb containing 51 predicted genes, including the gene encoding the P. yoelii erythrocyte binding ligand (PyEBL); the chromosome 10 locus has 71 predicted genes, including a gene encoding a member of the 235-kDa rhoptry protein that can bind to the erythrocyte surface membrane. We also investigated the possibility of interactions between the two loci linked to day 5 parasitemia in the 17XNL × N67 cross. No statistically significant 2-locus epistatic interactions were found anywhere in the genome (Fig.  P1D) . The effects of the chromosome 13 and chromosome 10 loci were independent but additive.
The pyebl was previously linked to a GRVP both by linkage group selection in the YM × 33x cross and by genetic manipulation implicating a single C713R amino acid substitution (position 713 in the YM sequence) in the PyEBL R6 domain as the crucial determinant (4, 5) . Similarly, we found 39 amino acid substitutions and two indels in the PyEBL between 17XNL and N67; however, the C713R substitution seen in YM does not exist in N67. Instead, a C741Y substitution (with the other changes) was present in the PyEBL R6 domain. Interestingly, a parasite submitted to MR4 (http://www.mr4.org/) under the name of P. y. yoelii 33x(Pr3) has an identical PyEBL sequence and very similar genomic background to that of N67, except for the C741Y substitution in N67. Although this parasite, designated N67C, grows slightly slower than N67 during early infection, it is more virulent than N67, because all the N67C-infected mice died at day 7, whereas mice infected with N67 died at approximately day 15 after a decline in parasitemia on day 7.
Our study describes a P. yoelii linkage map, which represents a significant advance in malaria parasite genetics and provides an important tool for mapping traits in P. yoelii and for assembly of the parasite genome. This study also identifies a unique substitution of cysteine in the R6 domain of the PyEBL and a potentially unique mechanism affecting parasite GRVP. The cysteine substitutions in YM and N67 appear to have originated independently in the diverged PyEBL sequences of P. y. yoelii 17× and P. y. nigeriensis N67, respectively. N67 (with a 741Y) grows slightly faster than N67C (741C) at days 2-5, and YM/ 17XL (with a 713R) also grows faster than 17XNL (713C). The chromosome 10 locus contains a 235-kDa rhoptry protein that has been implicated in parasite invasion and growth. As with those done using P. falciparum genetic crosses, the progeny and genotypes we describe here can be used to map multiple segregating genetic determinants in this mouse model, which, in turn, will provide important information for studying human malaria parasites.
